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Abstract. In research work the problem of studying the process of ozone control with the help of electronic sensors is considered. In research work, special
sensors were used, which are formed around coronary electrodes in the ozonator and to monitor the concentration of ozone in the room. This is because
ozone is known to adversely affect human health if its maximum permissible air concentration exceeds 0.16 mg/m*. A small system of ozonators
was developed in a special laboratory, theoretical and experimental tests were carried out. In practice, the obtained data and the electric diagram
of the ozonator (on the ARDUINO platform) were collected. "Prana Air" sensors and current sensors were used to accurately determine the ozone (Os)
concentration around the ozone nozzle to measure the current at the electrodes.
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BADANIE PROCESU KONTROLI OZONU ZA POMOCA CZUJNIKOW ELEKTRONICZNYCH

Streszczenie. W pracy rozwazono problem badania procesu kontroli ozonu za pomocq elektronicznych czujnikéw. W badaniach zastosowano specjalne
czujniki, ktore sq rozmieszczone wokot elektrod koronowych w ozonatorze, aby monitorowaé stezenie ozonu w pomieszczeniu. Jest to istotne, poniewaz
wiadomo, Ze ozon negatywnie wplywa na zdrowie czlowieka, jesli jego maksymalne stezenie w powietrzu przekracza 0,16 mg/m’. W specjalistycznym
laboratorium opracowano niewielki system ozonatorow oraz przeprowadzono testy teoretyczne i eksperymentalne. W praktyce zebrano uzyskane dane
oraz schemat elektryczny ozonatora (na platformie ARDUINO). Do dokladnego okreslenia stezenia ozonu (O 3) wokét dyszy ozonowej oraz do pomiaru
pradu na elektrodach zastosowano czujniki "Prana Air" oraz czujniki prgdu.

Stowa kluczowe: kontrola ozonu, czujniki, systemy sterowania, wyladowania elektryczne, uczenie maszynowe, monitoring

Introduction

To study the process of controlling the operation
of the ozonator using electronic sensors, it is advisable to first
consider the specific chemical and physical properties of ozone.
Ozone is an allotropic species change in oxygen, the chemical
formula of which is Oz. The color is dark blue, a pungent-smelling
gas, and liquid ozone is purple blue; the melting point
is t — 192.7°C, the boiling point is T — 112°C. the solubility
in water is 0.394 g/l (at 0°C). Ozone is unstable, spontaneously
releases heat and turns into oxygen [20]. The maximum
allowable concentration of ozone in the air is 0.16 mg/m®.
If the concentration of ozone in the air is higher than the amount
of MPC, then a person's airway narrows and suffers from
headaches [23]. The concentration of ozone in the air is very
unstable due to temperature, its life time is tens of seconds. That
is, it is known that ozone is converted back into oxygen (O,) [10].

Today, even in industrialized countries, ozone pollution
in the tropospheric air is one of the main problems that
is increasing every day [37]. Environmental pollutants and various
gases consist of three main sources: transport, heat, industry.
In addition to these common sources, climate changes
and air pollution also have interrelated effects [36]. High
concentrations of air pollution continue to have a significant
impact on human health. Ozone pollution negative impact
on human health and ecosystem is one of the most important
pollutants [26].

Alexandru C. Fechete and his colleagues developed ozone
sensors using devices based on the surface acoustic wave (SAW).
The structure of the sensors in it consists of a lithium tantalate
piezoelectric (LiTaO;) substrate with an intermediate layer
of silicon nitride (SiN,). The research paper proposes
a comparative discussion of the performance of sensors in terms
of response time, recovery time and response magnitude
as a function of operating temperature. A particularly
large frequency shift of up to 56 kHz was observed
for the concentration of Oz in the air. The microstructural
characteristics of InOx thin films are also determined by atomic
strength microscopy (AFM) [12, 24].

In a domestic home environment with ozone [17] the success
of the process of decontaminating any product or air in the same
way as water depends on some variables: gas concentration,
temperature, pressure and humidity. When these variables

are  monitored and stored remotely, data redundancy
and operational security increase. For this purpose, the benefits
of using airborne ozone wireless sensor [19] networks
are a technological alternative. Gerson Roberto Luqueta
and his colleagues considered the input and analysis of data
from wireless sensor network configurations in the control
of the process of ozone neutralization [22]. There you can track
important variables and keep records of them. In addition,
the received signal strength indicator is checked to serve
as an indicator of network performance. The result of the study
showed that wireless sensor network sensors not only improved
the tracking process, as it cooperated with the process security,
allowing for redundant records [22]. In some research studies,
there is a lot of discussion about measuring instruments
and the literature on various sensory systems for automatically
detecting abnormal ozone levels [16, 35, 40]. In the following
sections, we will discuss the study of the process of controlling
the ozonator using sensors in the research work.

1. Materials and methods

To determine the normal amount of ozone in the ozonator
and in the room [9], it is necessary to use a special Air Quality
Monitoring Sensor Network [13, 28]. In order to live longer
while maintaining health, it is necessary to monitor air quality
and provide the environment with quality air [15]. Because
the amount of ozone in the room is abnormal, precautions should
be organized. In addition, in case of technical problems, sensors
are the cause. The purpose of this scientific research work
is to control the ozonator using a wireless sensor network, as well
as to determine the abnormal amount of ozone. Within
the framework of these issues, in-depth discussions have been
carried out on the works published in many scientific publications
in recent years [5]. In principle, methods based on deep learning
should be developed for flexible, simple and accurate modelling
of a complex technological process. Among them, for example,
modeling a complex process using a series of multi-layer
architectures has found a successful application. Specifically,
in the following areas: traffic flow control [18], traffic speed
control [16], obstacle detection for autonomous vehicles [6],
health informatics [14], Water Resources Recovery [15], gesture
recognition [41]. Unfortunately, the issue of air quality control
is not considered.

artykut recenzowany/revised paper

D

IAPGOS, 4/2024, 38-45

This work is licensed under a Creative Commons Attribution 4.0 International License.
Utwér dostepny jest na licencji Creative Commons Uznanie autorstwa 4.0 Miedzynarodowe.



p-ISSN 2083-0157, e-ISSN 2391-6761

Nwamaka U. Okafor and Declan T. Delaney's research work
compared the performance of various controlled machine learning
methods for calibrating low-cost 10T sensors, such as linear
regression (LR) and artificial neural network (ANN). Sensors
"Cairclip Oz/NO," and "cairclip NO," are positioned accordingly
to determine the amount of o0zone and nitrogen dioxide in an urban
area. Conventional reference monitors housing the sensors
provided true concentrations of gases, and these true values were
used as a reference to tune the multidimensional regression
models for calibrating the sensors. The sensors were calibrated
using data from the first three weeks of the one-month tracking
campaign. In particular, the sensor integration algorithm was used
in collaboration with the Multilinear Regression (MLR) and ANN
models. The performance of each calibration sample was assessed
using the most recent one-week data from the field monitoring
campaign using three matching metrics: mean absolute error
(MAE), root mean squared error (RMSE), and detection
coefficient (R,). The analysis showed a significant improvement
in the data quality of the cairclip Oz/NO, and cairclip NO, sensors
after simple multiline regression and calibration using ANN [27].

Fouzi Harrou and his colleagues found that ozone pollution
negatively affects human health and the ecosystem. In this study,
he proposed an effective statistical methodology for determining
abnormal ozone measurements. The research paper used the deep
Belief Network model to account for nonlinear changes in ozone
concentrations on Earth in conjunction with a single-class
reference vector machine to determine abnormal measurements
of ozone levels. The effectiveness of the methodology
was evaluated using real data from the network of air quality
control systems in Isere, France. The results of the research work
showed the ability of the proposed strategy to detect fluctuations
in ozone measurements [14]. The ontological results of the work
on comparing classical and machine learning methods for spatio
— temporal modeling of daily ozone concentrations are considered
in the research work [2]. However, their effective solution is still
a serious problem under study. The appearance of noise in sensor
data has been the cause of research for a long time in sensor
networks, two decades in the fields of mobile robotics and still
no definitive solution is found in machine learning systems [43].

In some research papers, the most important step in the precise
resolution of precision sensor networks, which is the estimation
of the states of the observed variables. An analytical model
has been developed to predict the relationship between resonant
frequency and ozone concentration [42]. This can be done using
spatio - temporal modeling. Therefore, the main goal of this study
is to assess the accuracy of low-cost sensor networks. The study,
testing and comparison of approaches suitable for processing
space - time sensor data such as classical spatial models, spatio
— temporal models and popular machine learning methods
are considered [25, 38].

In the above literature on scientific research, there were
no clear scientific discoveries about the process of controlling
the ozonator using sensors. To this end, in the following sections,
we will carry out experimental and theoretical calculations
on the above research work.

2. The results of the experimental stand
and measurement technique

The laboratory stand (Figure 1) consists of: an ozonator device
based on an electric Crown discharge; a reaction chamber (RC)
with a volume of 3 L; an atmospheric air com-pressor (AC) with
a capacity of up to 10 I/h; a measuring transducer (MT); a signal
unit (SU); gas pipeline systems and pneumatic valves.

Scope of application of the device: 1) environmental
protection; 2) ensuring labor safety; 3) for scientific research
purposes. Similar devices and sensors for measuring
the concentration of ozone in them are currently used in medicine
[3, 31].
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The technological scheme of the process of controlling
the ozonator using a sensor network is presented in figure 2 below.
When the device is turned on in automatic mode, the level
of the current value between the electrodes is checked.
Recognition of the concentration of O; by the WO; gas sensor
to control the amount of ozone inside the tube or room [11]
if the level is lower than that of the lower sensor L1, the KL1
Valve is closed, the compressor and ozonator are turned on. When
the ozone level reaches the L2 sensor, the compressor is turned
off and the ozonation time is maintained. Later, when

the amount of ozone decreases over time, the KL1 valve opens
and the algorithm is repeated.

If, for some reason, the current sensor fails, the sensor located
in the fuses and Automata is triggered. When it is activated,
the algorithm is interrupted. The ozonator and compressor
are turned off and the KL1 Valve is closed as well.

Electronic beam

YVY

A
b)

Fig. 1. An experimental installation created based on controlling the operation
of the ozonator using sensors: a) general image of the experimental installation,
b) structural scheme of the experimental unit; where: RC — reaction chamber;
MT — measuring transducer; SB — signal unit; AC — atmospheric air compressor.
The arrows indicate the directions of gas movement

Fig. 2. Functional scheme of the process of controlling the operation of the ozonator
using sensors (1 — character LCD indicator with 12C communication module;
2 — Arduino Nano controller board 12V; 3 — standard character indicator
for amateur automation LCD 1602 with 12C Module; 4 — compressor; 5 — single-
channel module of solid — state relay G3MB — 202P for switching the power
of the ozonator; 6 — ozonator; 7 — MOSFET Transistor module 6WX072B;
8 — Coder KY-040 controller and Valve 12V 2A power supply for power supply;
9 — current sensors; 10 — sensor for monitoring the concentration of ozone (O3)
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The "Prana Air" shown in Figure 2 (10) used ozone (Os)
sensors to accurately determine the o0zone concentration
in a certain area. Monitoring — the high concentration of ozone
is harmful to human health. For the same reason, it was used
to monitor the normal concentration in the room. Electrochemical
sensors are the industry standard for ozone monitoring.
In this type of sensor, the electric current generated
by the interaction of a gas sample with an electrolyte is measured
to determine the concentration of ozone in the air. The direction
of the electron flow generated an electric current proportional
to the concentration of the gas.

Ozone sensors "Prana Air" work on the basis of electro-
chemical gas detection. The sensor is used in three main
components: the working electrode, the counter electrode
and the ionic conductor. An ionic conductor is a bridge between
two electrodes. The passage of gas through the sensor leads
to the formation of a current between the electrodes,
and this generated current is in the range of 0.1-3.35 pA, directly
proportional to the concentration of ozone in the environment
(see Figure 5). The directed flow of electrons through
the wire generates an electric current directly proportional
to the concentration of the gas. The gas sensor works
by measuring this current between two sensors. The technical
description of the sensor is given in Table 1.

Table 1. Ozone sensor technical specifications

No Parameters Value

1 Measurement range 0 to >20 ppm

2 Lower detection limit <20 ppb

3 Allowed <20 ppb

4 Ability to repeat <+/-3%

5 Response time Less than 15 seconds
6 Sensitivity (5 nA/ppm) -60 +/- 10 nA/ppm
7 | Working temperature range 300 to +500C

8 Working humidity 0-100% RH

9 Power supply 10-50 uw

9

A<

The length of the gas pipelines determines the response
time of the measuring system (ozone concentration).
The maximum concentration value during the experiment
depends on the current strength. Repeated measurements are made
only after the indicators have decreased (values from several
meters to zero). The reaction chamber is a quartz flask with
a height of 300 mm, an inner diameter of 140 mm
and a wall thickness of 1.5 mm. The industrial ozone analyzer
"OZONE-5-200 gas analyser" was used as an 0zone measurement
tool.

During the technological process, the ozone concentration was
measured using the "OZONE - 5 — 200 gas analyser".
It is an optical [7] ozone analyzer designed to determine
the amount of ozone concentration in a process medium.
The structural diagram of the analyzer is shown in Figure 3.
The principle of operation of the gas analyzer is photometric
detection (ozone at A=2537 A in its own absorption band).
The radiation of the UV — mercury lamp (1) falls on the optical
cuvette (2). Fiber integrated optical sensor based on UV LED,
designed to detect ozone in the PPM and ppb ranges [8]. Through
the cuvette (2), the intensity of air light that does not contain
ozone is determined by the photodetector (3). A photometer based

Tnput Qutput

Fig. 3. Block diagram of the ozone measuring device
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on UV LED lamps [30] when blowing an ozone-containing
gas mixture through an optical cuvette (2), 253.7 nm optical
absorption results in the signal generation. to obtain
an exponential dependence on ozone concentration,
the controller acts as a dependency. The resulting value
of the ozone concentration in the gas stream is displayed
in the indicator.

2.1. Calculation of the performance
of the ozonator and its parameters

In the course of the research work, the performance
of the ozonator was calculated to maintain the normal
concentration of ozone in the room. According to the mass
balance, the required performance of the air ozonator was
calculated using the following formula:

Go=K-Co, (V/T) (1)
where C,, is the concentration of ozone in the ozonating room
or chamber with volume V; T is the ozonation time,
T <1 hour — this means that ozone has reacted and decomposed
(AT T=1) and AT T>1, the ozonator produces a normal
concentration. K is the coefficient reflecting the consumption
of ozone for chemical interaction, thermal decomposition,
etc. in practice, it is assumed that K = 5 — 10 in advance.
Then, for example, to disinfect a room or chamber with a volume
of 100 m® (C = 12 mg/m®; Ky = 5; K, = 10; T = 1 h) ozone with
a yield of 6 — 12 g/h will be required. The main tasks of the ozone
processing system will be as follows:

wi(,0) = A + By (577) @)

where uy(xt) is the voltage distribution on the resistance surface
of the ionized region. A; and B; are constants defined from
the boundary conditions [1, 32]:

) = =y etde ®

a = —— ()

/(Rp+Re) Cp

x = ¢ at the ionization boundary condition:

Upower supply T By -p (%1\/;) =uq(é,t) )

the formula (5) is valid when the microregration boundary moves
(ionization) according to a known pattern:
¢ = 1,[)\/? ,m (6)
where y is some stability, m/s*?; t is the moment of the start time
of the surface microrastructure, s.
Let's introduce markup:
Y/2a, =P )
The voltage distribution on the resistance surface
in the microrastructure region is determined by the formula:

H (Zz:\/f)'x =¢®

to differentiate the formula with respect to x, we obtain
the following equation, which is the electric field strength
in the microregration region:

_ Upowersupply _ X 2
El(x' t) - VraVeu(B) exp[ (2“1‘/?) ] (9)
The value of the electric field strength at the ionization
boundary x = £ and t = t, was determined as follows:
_ Upowersupply _ P2y —
|E1(E‘ tu)l - \/th\/ﬁﬂ(ﬁ) exp( ﬁ ) - EO :W/m (10)
where t, is the time of formation of the microrastructure, s.

Eo = 2.45-10° V/m is the threshold intensity of the onset of air
ionization.

U.
_ power supply |
uq(x,t) = Upower supply — )
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[1, 32] in his scientific works, he calculated B(t,)=1/V2.
Taking into account these formulas (10), (6), we get the
expression for determining time. That is, the formation of a micro-
discharge depending on the voltage of the power supply:

U? exp(—282%)
— powersupply_ 14 —
tll Eg n',uz(ﬁ) (Rp+Re)Cb

2
0.25 (”"WEip“"W) (R, + R,)Cy (11)

Taking into account the expressions (9) and (10), we subtract
(11) from the equation. That is, the formula for determining
the position of the ionization boundary:

_ Upower supply . Exp(—Bz) . _ Upower supply
= Eoy Vru(B) B - V2E, (12)
From the formula (12), it can be seen that in the first
approximation is a geometric solution. The microrastructure
is independent of the resistance of the electrodes and the formation
time, as described by the formula (11), which accounts
for the resistance of the high electrodes (R.).

Let us give a qualitative assessment of the microrastric current
depending on the values of the resistance of the high electrode
and the length of the microrastric. Because the data on such
microrastructure currents have not been studied in the works
mentioned above [1, 32].

Given the symmetry of the development of microrastructures
in all directions of the needle electrode, the total current
of the surface microrastructure near the electrode region can be
determined by the approximate formula:

1(0,¢) = 2i(0,£)b, = —2

E;(0,t)

Ry+R,

where by, is the width of the discharge area, m.
Electric field strength at the electrode boundary, V/m:

El(O, t) =

by (13)

Y power supply
B VraVeu(B) (14)
In formula (13), the coefficient "2" is due to the first
approximation, which can be considered as a real axially
symmetric microrasry (shown in figure 1a) and its width can be
assumed to be equal to b, = 2&= 2/t for the microrasry needle
electrode. The maximum value of the current at the length
of the microrastructure is reached by x = & (8 = 1/¥/2), which can
be determined by the formula:

Ip = 3-3Upower supplya'lcb.g ‘2a, = 4-7% (15)
according to the expression, the current remains unchanged
in the process of microrasry formation. In real conditions,
the current in the microrasterate increases from zero to
the maximum value. This is explained by the presence
of a microrism in a circuit with inductive and surface resistance.
The limit value of the specific surface resistance in it is
ps = 10° Ohms. It increases to the value of the surface resistivity in
the discharge area ps = 10* Ohms. To demonstrate the positive
effect of using a high electrode resistance, the resistance
of the electrodes should be in accordance with R,
and the resistance of the microrastructure surface should
be R, = 10* Ohms.

For further theoretical calculations, we will take the following:
Re = R, = 10 Ohms. Then we obtain the following results
for high-resistance electrodes with a voltage of 5-10 kV:
— microdischarge length

_ Upowersupply _ 10* — . -3
§= V2E, 2245106 2.9-10 (16)
— parameter value
W =2a,p=—2£ _ (17)

(Rp+Re)Cpy

where the specific capacitance of the dielectric resistance, p/m?

can be calculated as follows:
880

b =
d — the thickness of the dielectric barrier, m.
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Let's take the values of the parameters of the dielectric barrier
of the ozonator ¢ = 3.5, d = 10 m, where C, ~ 3-107° wm?
w =~ 50 (Figure 4);

The microrastructure formation time is determined using the:

ty = (f/l[))z ~3.3-107° (18)
U ower su, 1
Tmic T 78 = prply =17 (Rp + Re) (19)

there ryic = R,/4.7 = 2100 Ohms — efficiency of microdischarge
interference.

To use the sensor, it is necessary to directly measure
the temperature of the metal surface during the catalytic
dissociation of ozone [39]. Similarly, it is worth considering
the physical-based characteristic of noise reactions in metal-oxide
gas sensors [4].

~—4 (NaCl)
3 (XooHgo)— 7 .

Fig. 4. Structural diagram of a laboratory ozonator, where: 1 — the dielectric
material between the electrodes is made of tempered glass; 2 — fluoroplast;
3 — electrodes made of different material (Al, W, Cu,X20H80); 4 — table salt (NaCl)

Since the microrasry has axial symmetry, to be more accurate,
calculating as b, the width through which the microrasry current
passes, it is necessary to take the circumference of the electronic
Avalanche (streamer). This is the beginning of the microrasration
process:

&o = 2mry (20)
where ry = 0.5:10° m is the radius of the electronic avalanche
or streamer [33].

From the formula (13), taking into account the maximum

value of the microrastructure current, we can obtain
the expression:
- Eo2mro _EoTo_
I, = 1.65 rorn, 10.4 R, (21)
If R = 0, R, = 10* Ohms then 1, = 127 pA

and if R, = R, = 103 Ohms then I, = 0.64 pA, which is close
to the known experimental data, where 0.1 pA <1, <1 pA.
The minimum voltage that occurs in a microdischarge:
Upin = ImTimic = 0.64 2100 ~ 1.35 kV (22)
The working voltage of the sinusoidal power supply
is equal to:
Upower suppty = 1.35/V2 = 0.96 kV (23)
Let's calculate the diameter of the area of the microrastructure
near the axial barrier (symmetry).

t=t, for:
UDWGTSIL
dy(t,) = 20, +§) = 2 (1, + ) (24)
where r. is the radius of the electrode. At this point

Upower source = 5—10 KV, e = 0.5 mm, dy(t,) = 6.8 mm.
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2.2. Experimental research results

The following experimental results were obtained
on the process of controlling the ozonator using a sensor network.
At first, the change in ozone concentration depending
on the current strength was considered (Figure 5).

Ozone Concentration vs. Amperage

0.40 Ozone concentration

0.35

Ozone Concentration (C)
s & © o ©
T v
5 »n s & &

=3
o
[l

4
=
S

0 5 10 15 20 25 30 35 40
Amperage (A)

Fig. 5. The relationship between amperage and ozone concentration

As can be seen from Figure 5, it can be seen that
the concentration of ozone up to 0.1-0.75 pA is normal,
and the concentration of ozone up to 0.75-4.75 pA is sharply
increased, and the concentration of ozone up to 4.75-20 pA
is normal. During the experimental research work, it was observed
that the ozone concentration immediately decreased due
to the formation of an arc discharge between the electrodes when
the current increased by 20 pA. This is because the ozone
concentration immediately dropped due to the increase
in temperature inside the chamber. The volt-ampere characteristic
of the ozonator is shown in Figure 6.

Voltage vs. Current Relationship

Voltage-Current Relationship

Amperage (A)

0 2 4 B 8 10
Voltage (V)

Fig. 6. Ozonator volt-ampere description

What we observe from the volt — ampere characteristic
of the ozonator in Figure 6 can be traced the linear relationship
between current and voltage. However, during the experiment,
it was observed that the voltage did not change from 1886.37
to 2642.58 kV (because the resistance between the electrodes
is very large "several MMS"), and at 2642.58-4155 kV
we observed "quiet discharge”, at 4155-5664.65 kV "Crown
discharge”, at 5664.65-7174.854 kV “arc discharge".
Sensors were used to maintain the voltage values in the range
of 4155-5664.65 kV "Crown discharge" Figure 2 above.

2.3. Mathematical model of research results

The electrical diagram of the ozonator is shown in Figure 7,
and its algorithm and program code are shown in Figure 8.
By means of the voltage coming from the source of the node,
it is possible to change the magnitude of the current passing
on the corona electrodes in the ozonator.
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ARDUING

Fig. 7. Electrical circuit of the ozonator (rolled up on the ARDUINO platform)

— '---.\\ 11 Define the Arduino digital output pin
Iy . connected to the SSR
( i ) -
A Heading A const int ssrPin = 8;
1/ Define the Arduino analog input pin
* - connected to the voltage sensor
Must enter: const int voltageSensorPin = A0;

T=20C;v=55mh

1/ Define the minimum and maximum voltage
range

const float minVoltage = 0.0; // volts

const float maxVoltage = 220.0; // volts

Co,= var

o C1=100 mg/l; C2=200 mg/l;
C3=300 mg/l; C4=400 mg/1;
C5=500 mg/l; C6=600 mg/l;

void setup() {
/1 Set the SSR pin as an output
pinMode(ssrPin, OUTPUT);

void loop() {
1/ Read the voltage from the sensor
float voltage =
/ analogRead(voltageSensorPin) * (5.0 /

L e 1023.0); // Convert analog value to voltage
SMath 50[\;( (assuming 5V reference)
[Fleetal = g Il Check if the voltage is within the desired
([Fliotar = 0.3mg/1) range
if (voltage < minVoltage || voltage >
., maxVoltage) {
.

/' Voltage is outside of the desired range,
turn off the SSR
digitalWrite(ssrPin, LOW);
Yelse {

N Il Voltage is within the desired range, turn
A \\\ on the SSR
e . digitalWrite(ssrPin, HIGH);
. oy ™ . }
LYes o~ [Fleata = 0.3 mgl N Ne /I Delay for 1 second before reading the
ST (MPE) e voltage again
S e delay(1000);
R A * }
“ - T )
\\\ /’/ Stopping the

s ozonation process

Fig. 8. Algorithm of the process of controlling the ozonator using a sensor network
3. Discussion of research work

To control the operation of the ozonator using electronic
sensors, the relationship between the rate of ozone formation
inside the chamber and the air temperature formed by the current
along the corona discharge [33] in it can be nonlinear. The data
collected in the control unit is used to improve the quality
of ozone and other products and to maintain the quality
of sensor data calibration over the life of the sensor [34].
To analyse the process, let's first consider the general equation
of its photochemical formation [20, 29].

CO + CH, + RH + NO 222%% ¢11.c0 + KO3 + NO, + P (25)
where, f — stoichiometric coefficient of hydrocarbon conversion;
K — coefficient of 0zone synthesis at the ozonator outlet it depends
on the concentration of nitrogen oxides; P — products
of photochemical reactions, which are aerosol particles formed
during the interaction of gas components.

The physical meaning of the general equation is as follows:
primary impurities CO — carbon monoxide, CH, — methane, RH —
non-methane hydrocarbons, no-nitrogen oxide, water vapor (H,0)
and oxygen (O,) enter the atmosphere and are converted under
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the influence of ultraviolet light (hv).  Similarly,
H,CO-formaldehyde, O3 — ozone, NO, — nitrogen dioxide
and P — reaction products (typical aerosols). Table 2 below lists
the reactions and some constants in the ozone processing system
in the ozonator chamber [21].

Table 2. Constants with some photochemical reactions in the Ozone Treatment
System [2]

Reaction
O+0,+M—>03+M
H+0O,+M— HO,+M
O+HO; > HO+0;

O + H,0, — HO + HO;,
HO+HO+M — H,0,+M
O+NO+M— NO; +M
O+NO; — 0O, +NO
HO + CH; — H,O + CH;

HO + C,H; + M — C,H,OH + M
HO + C;Hg — H,0 + CyHs
HO + C3Hg + M — C3HsOH + M
HO + C3Hg — H,0 + C3H;
HO + a-pinene — products
HO + CO — H + CO;,

NO3 + C;H; — products
NO3 + C3Hs — products
NO3 + n-C4H;o — products
NOj3 + a-pinene — products

Stability
6.0-10°%4(T/300) 2°
5.4-10%%(T/300) 1®
2.7-10 Mexp(224/T)

1.4-10 %exp(~2000/T)
6.9-10°4(T/300) ¢
1.0-10%4(T/300) *®
5.5-10 *%exp(188/T)

1.85-10%exp(~1690/T)
8.6-102(T/300) >4

6.9-10*2exp(~1000/T)
8.0-10°%(T/300) ®

7.6-10 %exp(-585/T)
1.2-10 exp(440/T)

9.1-107°-T*"exp(580/T)
3.3-10%exp(~2880/T)

4.6-10 exp(~1155/T)

2.8-10%exp(~3280/T)
1.2-10 2exp(490/T)

The constants of some photochemical reactions presented
in Table 2 were observed in the course of experimental research
work (see Figure 9).

Reaction Products vs Voltage

0+ H202 - HO + HO2
—— HO+ CH4 > HO + CH3
s HO + C2H6 = HO + C2H5
5 HO + C3H8 -> HO + C3HT
NO3 + C3HE > products
—s— NO3 4 1-CAH10 - products

a 1000 2000 3000 4000 5000 6000
uv

Fig. 9. Reactions caused by photochemical radiation due to voltage and current
inside the ozonator chamber

Thus, the amount of ozone generated depends
on the composition and concentration of other gases
and light radiation. In addition, during photochemical generation,
the process can branch out and various compounds are involved
in the reaction. In this case, the constants of the reactions also
changed, because most of them depend on the temperature
in the chamber caused by the current (Figure 10).
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Fig. 10. Changes in ozone and some reactions during the process due to temperature
caused by discharge inside the ozonator chamber
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How the constant of the reaction rate changes when
the temperature generated by the action of the current inside
the ozonator changes can be observed in Figure 10. The studies
carried out have shown that with an increase in temperature,
the reaction rate can both increase and decrease. Therefore,
all selected reactions were divided into two groups: those in which
the reaction rate decreases and those that increase due
to the increase in temperature.

From Figure 10, it can be seen that due to the increase
in temperature, reactions slow down and the reaction rate can
vary up to 3 times in the range of 2-12°C. And accordingly,
for some part of some reactions, their speed increases
up to 10 times in the same range. This indicates that the amount
of ozone formed due to the composition of progenitor gases
is nonlinear due to the increase in air temperature.

Thus, during the experiment, it was observed that
if the oxygen or air temperature in the ozonator exceeds 6-12°C,
the ozone concentration immediately drops below. Therefore,
during the research work, special current sensors were applied
to the camera (Figure 2: 9-current sensors).

According to previously reviewed sources, when controlling
the operation of the ozonator using electronic sensors, no specific
data on temperature changes in the chamber using current sensors
were detected. The peculiarity of the research work is that during
the discharge of the corona of electric discharge in the chamber,
that is, the lower the temperature, the higher the concentration
of ozone. For example, the temperature in a chamber at 12°C
has a velocity of 1.6 ug/(g-h), and at 6°C it is 18.8 pg/(g-h).
It was found that a change in temperature of 6°C leads
to an increase in the concentration of this ozone by 11.75 times.

Temperature fluctuations in the camera have a predictable,
easily compensated effect on the sensor signal (Figure 10).
The figure shows the dependence of the research result
on temperature. This information was collected at a constant
humidity of 40-50% RH. This very uniform and repetitive effect
is easily compensated for in hardware or software. The result
of the study is presented in Figure 11 below.

Zero (ppm) vs T (°C)
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Fig. 11 (part 1). Results of the experiment: a) influence of temperature, b) influence
of temperature on sensitivity, ¢) changes in ozone (O3) depending on time
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SPEC 100-402 Ozone Sensor Response: 0 to 500ppb O3

s
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c) ime (hrs)

Fig. 11 (part 2). Results of the experiment: a) influence of temperature, b) influence
of temperature on sensitivity, c) changes in ozone (O3z) depending on time

During the study, it was found that controlling the operation
of the ozonator using sensors gives a safe and effective solution
during the process.

4, Conclusion

Summarizing the scientific research work, temperature
fluctuations in the ozonator chamber have a predictable and easily
compensated effect on the sensor signal. The operation
of the ozonator and the gas that does not meet the maximum
permissible concentration of ozone in the room around
it is immediately monitored by a sensor that allows you to adjust
it to normal mode. Information is easily compensated in software.
The layout of the device is laid out on the ARDUINO platform
and software codes are written.

During the study of the process of measuring and controlling
the operation of the ozonator using electronic sensors, the current
strength, temperature and other physical and chemical parameters
passing through the corona electrodes were calculated
and discussed theoretically and experimentally. In it, according
to measurement data in the background area, the dependence
of the rate of ozone formation in the ozonator on air temperature
was studied. It turned out that it is not linear. So, it was found
that the concentration of ozone around the electrode
in the ozonator is directly proportional to the decrease
in temperature (for example, at 1°C — corresponds to an increase
in the concentration of 5 pg/m®. During the research work,
theoretical calculations were carried out on the data obtained
in the experiment. In particular, sensors were used during
the technological process in order to monitor and study
the concentration of ozone in the room and in the ozonator.
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